OBJECTIVE -Recently, it has been suggested that insulin resistance and hyperinsulinemia can exist in isolation and have differential impacts on cardiovascular disease (CVD). To evaluate this suggestion, we assessed the degree of discordance between insulin sensitivity and insulin response in a healthy, nondiabetic population.
I
n nondiabetic individuals, a hyperinsulinemic response to an oral glucose challenge is closely associated with decreases in insulin-mediated glucose uptake (1) (2) (3) , as well as with a number of clinical syndromes associated with insulin resistance (4 -10) . However, the relationship is not perfect, and there have been several attempts to differentiate between the relative roles of insulin resistance and hyperinsulinemia in the development of clinical syndromes associated with these changes in insulin metabolism (11) (12) (13) (14) . For example, in a recent article, Ferrannini et al. (14) indicated in a large European population that only 60% of the most insulin-resistant individuals (bottom quartile of insulin sensitivity measured by the euglycemic insulin clamp) had the highest insulin response (top quartile) to an oral glucose challenge. These findings led to the suggestion that insulin resistance and hyperinsulinemia can be dissociated, exist in isolation from one another, and play different pathogenic roles in the genesis of the clinical syndromes associated with the two abnormalities. On the other hand, these authors did not address certain issues. Specifically, in their analyses they separated individuals into quartiles of insulin resistance and insulin response but did not provide information as to either the percentage of insulin-resistant individuals in the lowest quartile of insulin response or the percentage of insulinsensitive individuals in the highest quartile of insulin response.
To better understand how discordant insulin resistance and hyperinsulinemia are, we quantified the percentage of individuals in quartiles of insulin response by quartiles of insulin sensitivity. In addition, to evaluate the differential clinical impact of insulin resistance and hyperinsulinemia, we compared cardiovascular disease (CVD) risk factors in individuals within the same quartile of insulin sensitivity but with differing insulin response levels.
RESEARCH DESIGN AND
METHODS -Study subjects included 446 individuals who had participated in our research studies from 1990 to 1998 and who had given informed consent. All study protocols were approved by Stanford's Institutional Review Board. Individuals considered for inclusion were nondiabetic (15) and in good general health with no history of coronary artery, kidney, or liver disease. All individuals had the following procedures: measurement of height, weight, and systolic and diastolic blood pressures; lipid assessment; oral glucose tolerance test; and insulin suppression test to measure insulin sensitivity. Initially, 490 individuals were identified, but 44 were removed for missing data. We had published an article previously in which we described the distribution of insulin sensitivity in the entire population of 490 individuals, as well as the relationship between the quantitative estimate of insulin-mediated glucose disposal and several different surrogate estimates of this variable (16) .
All metabolic testing was performed in Stanford's General Clinical Research Center after subjects fasted for 12 h. During the oral glucose tolerance test, plasma glucose and insulin were measured before (fasting) and 30, 60, 120, and 180 min after ingestion of 75 g of oral glucose (16) . Individuals were classified as having impaired glucose tolerance (IGT) if their 2-h glucose value was between 7.8 and 11.1 mmol/l. Lipid measurements were performed by the core laboratory at Stanford and included total cholesterol, triglyceride, and HDL cholesterol concentrations.
LDL cholesterol concentrations were calculated by the Friedewald formula.
Insulin sensitivity was measured directly with the modified version (17) of the insulin suppression test, initially introduced and validated by our research group (18) . The values for insulin sensitivity obtained with this approach are highly correlated (r Ͼ0.9) with the hyperinsulinemic-euglycemic clamp technique (19) . In brief, after an overnight fast, an intravenous catheter was placed in each of the subject's arms. One arm was used for the administration of a 180-min infusion of octreotide (0.27
), and glucose (267 mg ⅐ m Ϫ2 ⅐ min
Ϫ1
); the other arm was used for collecting blood samples. Blood was drawn at 10-min intervals from 150 to 180 min of the infusion to determine the steady-state plasma glucose (SSPG) and insulin concentrations. Because steady-state insulin concentrations are similar in individuals, the SSPG concentration provides a direct measure of the ability of insulin to mediate disposal of an infused glucose load; therefore, the higher the SSPG concentration, the more insulin resistant the individual is.
As there are no objective methods to classify individuals as insulin resistant or insulin sensitive, we divided individuals into quartiles of insulin sensitivity (SSPG concentration) to maintain consistency with the recent article by Ferrannini et al. (14) . With this approach, a higher quartile indicates a greater degree of insulin resistance, i.e., quartile 4 contains the 25% most insulin-resistant individuals and quartile 1 contains the most insulinsensitive individuals.
Insulin response was quantified by calculating the insulin area under the curve (over 3 h) by the trapezoidal method, and the subjects were again divided into quartiles based on the magnitude of their total integrated insulin response to glucose. Quartile 1 had the lowest insulin response, and quartile 4 had the highest response.
To evaluate the degree of concordance between insulin sensitivity and insulin response, we quantified the percentage of individuals in each of the four insulin response quartiles that were present within each of the four SSPG quartiles. In addition, in insulin-sensitive (SSPG quartile 1) and insulin-resistant individuals (SSPG quartile 4), we also compared CVD risk factors in those with different insulin response but within the same SSPG quartile to assess the independent impact of insulin on CVD risk factors.
Statistical analyses were performed using SAS (version 9.1; SAS Institute, Cary, NC). Triglyceride and insulin concentrations were log-transformed to obtain a more normal distribution for statistical tests; median and interquartile ranges are presented in the RESULTS. Trends in baseline characteristics among SSPG quartiles were analyzed using ANOVA for continuous measures and the Cochrane-Armitage test for proportions. Independent t tests were used to compare differences between the two groups. Table 1 shows the demographic and metabolic characteristics of the individuals divided into quartiles of insulin sensitivity. Individuals in SSPG quartile 4 were somewhat older and heavier, but the groups were not different in terms of sex and ethnic distribution. As insulin resistance (SSPG) increased, the proportion of individuals with IGT increased. There was also a dramatic increase in the median insulin response, with the values in SSPG quartile 4 being 249% higher than those in SSPG quartile 1. Fasting plasma insulin concentrations also increased in parallel with degree of insulin resistance. In addition, the interquartile ranges did not overlap between these two extreme groups. Finally, the more insulin resistant the group was, the more unfavorable the CVD risk profile was. Thus, individuals in SSPG quartile 4 had higher blood pressures, and all components of the lipid panel also increased or, in the case of HDL cholesterol, decreased.
RESULTS -
The results in Fig. 1A demonstrate that the relationship between insulin resistance (SSPG) and insulin response was best expressed by an exponential function (r ϭ 0.76, P Ͻ 0.001) with no difference by sex (male, r ϭ 0.77; female, r ϭ 0.76). When insulin response was logtransformed, the relationship between in- sulin resistance and insulin response was equally well represented by a linear function (r ϭ 0.76, P Ͻ 0.001) (Fig. 1B) . This relationship was stronger than that between SSPG and fasting insulin (r ϭ 0.61), 2-hour insulin (r ϭ 0.70), and 2-hour integrated insulin response (r ϭ 0.74) (t Ͼ4 for all comparisons, degrees of freedom 443, P Ͻ 0.001). The strong relationship between SSPG and insulin response remained even when individuals with IGT were excluded (r ϭ 0.74, P Ͻ 0.001, n ϭ 381).
The close relationship between insulin resistance and insulin response is also highlighted in Table 2 , which shows the proportion of individuals in each of the four SSPG quartiles as a function of their insulin response quartile. In the most insulin-sensitive quartile (SSPG quartile 1), 64% had the lowest insulin response (quartile 1) and 28% had the second lowest insulin response (quartile 2), with a total of 92% in the bottom two insulin response quartiles. No one was in the highest insulin response quartile (quartile 4). In the most insulin-resistant quartile (SSPG quartile 4), 71% were in the highest insulin-response quartile (quartile 4) and 24% were in the second highest (quartile 3), with a total of 95% in the top two quartiles. Only 1% was in the lowest insulin response quartile. Excluding individuals with IGT did not substantially change these findings, i.e., 92% of individuals in the two most insulin-resistant quartiles were in the two quartiles with the highest insulin response, and only 1% of insulin-resistant individuals were in the lowest insulin response quartile.
The data in Table 2 emphasize that there were relatively few insulin-sensitive individuals (SSPG quartile 1) whose insulin responses were in the two highest quartiles (8%) and very few insulinresistant individuals (SSPG quartile 4) with insulin responses in the two lowest quartiles (5%). Therefore, to further pursue the relationship between degree of insulin sensitivity, magnitude of insulin response, and CVD risk, we compared differences in CVD risk factors between those with the lowest insulin responses (quartiles 1 and 2) within the most insulin-sensitive quartile (SSPG quartile 1), as well as between individuals with the two highest insulin responses (quartiles 3 and 4) within the most insulin-resistant quartile (SSPG quartile 4) ( Table 3) .
Focusing first on insulin-sensitive individuals (SSPG quartile 1), by selection, insulin response was statistically different in the two insulin response groups. In addition, SSPG concentration was significantly higher in individuals with the greater insulin response (insulin response quartile 2 versus quartile 1) despite being within the same insulin sensitivity quartile. Finally, there were also marginally higher concentrations of fasting insulin, total cholesterol, and triglyceride (all P ϭ 0.08) in the higher insulin response quartile (quartile 2).
Figure 1-Relationship between insulin resistance (SSPG) and insulin response was best expressed as an exponential function (A) or a linear function when insulin response (insulin AUC) was log-transformed (B).
In the insulin-resistant group (SSPG quartile 4), as above, the insulin responses were significantly different by selection. Those individuals with the higher insulin response (insulin response quartile 4 versus 3) also had higher SSPG and fasting insulin concentrations and a lower HDL cholesterol concentration.
We also repeated our major analyses with the inclusion criteria used in a recent article addressing the same issue (14): age 30 -60 years, arterial blood pressure Ͻ140/90 mmHg, total serum cholesterol Ͻ7.8 mmol/l, and serum triglycerides Ͻ4.6 mmol/l. This decreased our study population to 227. The relationship between SSPG and insulin response (logtransformed) remained similar (r ϭ 0.78, P Ͻ 0.001). Within the top insulinresistant quartile, 63% were in insulin response quartile 4 and 30% were in insulin response quartile 3, with a total of 93% in the top two insulin response quartiles.
CONCLUSIONS -In this study of nondiabetic individuals, we identified a highly significant correlation between insulin resistance and insulin response (r ϭ 0.76), indicating that the relationship between these two variables is a close one. In this context, it should be recognized that the plasma insulin response to an oral glucose challenge will vary as a function of the interplay between several biological systems, including, at a minimum, degree of insulin resistance, insulin secretory function, plasma glucose concentration, and insulin removal rate from plasma. The relationship between insulin resistance and insulin response is further compounded by the inherent error in making either measurement. We have previously shown that SSPG concentration, when measured twice in the same individual, varied by 10 -30% in ϳ25% of those studied (19) , and the plasma insulin concentration 2 h after a 75-g oral glucose load varied by Ͼ20% in two-thirds of the individuals studied when repeat measurements were made 2 days apart (20) . In view of these considerations, the fact that the relationship between insulin resistance and insulin response is not a perfect one is hardly surprising. Indeed, we would argue that what is surprising is how strong the relationship seems to be (r ϭ 0.76) and how rare (5%) it is to find insulin-resistant individuals (SSPG quartile 4) who have an insulin response below the median for this population or insulin-sensitive (SSPG quartile 1) individuals who have an insulin response above the median (8%).
Given the results of this analysis, it is difficult to ignore the possibility that insulin resistance and hyperinsulinemia tightly coexist. However, a recent study in a European population challenged the degree of association between these two variables (14) . Although these authors found insulin sensitivity and insulin response to be closely associated (Spearman's rank correlation ϭ Ϫ0.63 in men and Ϫ0.50 in women), they argued that each could be found in isolation in the population. This conclusion was based on the fact that only 60% of the individuals in the most insulin-resistant quartile were also in the highest insulin response quartile. However, no information was provided regarding the proportion in the other insulin response quartiles. As can be seen in Table 2 , the distribution of insulin response is not evenly dispersed within the top insulin-resistant quartile (SSPG quartile 4) but is skewed to the top two insulin response quartiles. Certainly, 100% of the most insulin-resistant individuals are not in the top insulin response quartile, but 95% are in the top two quartiles. The same can be said in reverse: alt h o u g h n o t a l l i n s u l i n -s e n s i t i v e individuals (SSPG quartile 1) are in the lowest insulin response quartile (64%), 92% are in the lowest two quartiles.
It is difficult to compare our results to those of the European cohort, as they did not assess the distribution of insulin response in the same manner. Furthermore, our populations seem to be somewhat different. We had more individuals who were in both the highest insulinresistance and highest insulin-response quartiles than the European study did (71 vs. 60%). In addition, the r value between insulin sensitivity and insulin response was higher in our study. On the other hand, when inclusion criteria similar to those in the European study were used, we had similar proportions of individuals in both the top insulin resistance and insulin response quartiles (63%). However, the total in the top two insulin response quartiles stayed high (93%). In addition, the r value remained at 0.78 between insulin sensitivity and insulin response. Although the degree of insulin resistance contributes strongly to insulin response, we understand that many factors affect the variance in insulin response as discussed above. Another factor is obesity, which increases insulin response by enhancing insulin secretion (21-23) and decreasing insulin clearance (24, 25) , especially in insulin-resistant individuals (4). This instance can be seen in this study when individuals with higher insulin response tended to be more obese than others, even within the same SSPG quartile (Table 3) , a finding that was most evident in the top insulin-resistant quartile (SSPG quartile 4). On the other hand, even in this instance, insulin resistance is also higher in the individuals with higher insulin response. Therefore, it is again difficult to separate insulin response from insulin sensitivity.
Because of this collinearity, it is difficult to define the putative effects of insulin resistance versus compensatory hyperinsulinemia on CVD risk factors, and the data in Table 3 illustrate this point. In the most insulin-sensitive quartile (SSPG quartile 1), when we compared CVD risk factors in those in the lowest insulin response quartile to those of individuals in the next highest insulin response quartile, the two groups differed only in degree of insulin resistance. Similarly, in the most insulin-resistant quartile (SSPG quartile 4), SSPG concentrations were higher in those with the greatest insulin response (quartile 4) compared with those in insulin response quartile 3. However, other than a lower HDL cholesterol concentration in those with the higher insulin response, there were no significant differences in CVD risk factors between the two insulin response groups. These data do not support a role of hyperinsulinemia, independent of insulin resistance, in the development of known CVD risk factors. It should also be noted that even in the European cohort discussed above, insulin resistance clustered with higher insulin response, higher triglycerides, and lower HDL cholesterol during factor analysis.
In summary, insulin resistance and hyperinsulinemia are closely linked. Although insulin sensitivity does not account for 100% of the variance in insulin response, it is difficult to discern an independent impact of hyperinsulinemia on CVD risk factors associated with insulin resistance (26) . Perhaps the simplest pathophysiological approach is to view insulin resistance/compensatory hyperinsulinemia as one entity in nondiabetic individuals, rather than attempting by statistical methods to come to conclusions as to which abnormality is caused by insulin resistance and which is caused by hyperinsulinemia.
